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Abstract
The first detailed optical characterization of any biological laser, providing
spectral, temporal, threshold, and polarization characteristics for the flavin
mononucleotide biomolecular laser, is presented here. In addition, our in-
vestigation of natural, bio-engineered, and complex biological laser systems
culminates in the discovery of a phycobiliprotein laser, a 30% reduction in
threshold energy for fluorescent protein lasers excited by circularly polarized
light, and the development of a FRET-based laser using biotin-streptavidin
bioconjugates comprising organic dye and gold nanoparticle donor/acceptor
configurations. Furthermore, we introduce an optical resonator which can be
fabricated from the directed assembly of a particle monolayer and is capable
of producing hundreds or thousands of microlasers from a single pump beam.
These optical resonators are based on an intra-cavity stabilization scheme
which is well-suited for sensitive single-cell refractive index monitoring and
intra-cavity in-line holography. Finally, we construct a microlens-stabilized
microlaser array, based on a titanium doped sapphire crystal, which enables
speckle-free pulsed laser imaging of biological specimens with nanosecond
temporal resolution.
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Chapter 1
INTRODUCTION
The expansive use of lasers continues to grow across multiple disciplines to
examine matter, ablate and pattern surfaces, monitor chemical reactions,
replenish damaged skin, and more. The widespread impact of the laser, par-
ticularly in biology, is underscored by recent breakthroughs in sub-diffraction
limited imaging and fluorescence spectroscopy. Conveniently, the laser can be
employed as a stand-alone solution, as evidenced by most biological studies
where the laser is used exclusively as a source of photons. Indeed, most bio-
imaging and fluorescence spectroscopy studies entail a unilateral approach
to investigating biological systems, where lasers are primarily used as pas-
sive, self-contained optical sources. However, recent efforts in customizing
laser systems and leveraging the building blocks of nature to build new ones,
aim to extend the capability of conventional diagnostic and imaging modal-
ities. To that end, the work presented here presents a paradigm shift in
which, rather than relying solely on stand-alone photonic sources for solving
biomedical problems, or solely drawing from biological systems for discover-
ing new photonic tools, we employ a synergistic approach that accomplishes
both. Fig. 1.1 illustrates our vision for implementing novel photonic tools
to solve biomedical problems and for using the building blocks of nature to
develop bio-inspired photonics. With respect to developing photonic tools
for aiding the study of biological systems, we introduce a new form of optical
resonator that significantly decreases coherent artifacts when imaging with
short (nanosecond) pulses of laser light. And, with respect to bio-inspired
photonics, we have advanced the development, characterization, and opti-
mization of biological lasers.
Biological lasers are a new class of laser in which the gain medium is com-
posed entirely, or in part, of biological materials. Owing to the enhanced
light-matter interaction inside the laser cavity, the sensitivity and signal-to-
noise ratio for a biological laser-based diagnostic is higher than for conven-
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Figure 1.1: Synergistic approach to biophotonics.
tional fluorescence spectroscopy. However, for biological lasers to realize their
potential for biomedical diagnostics, probing light-molecule interactions, or
in vivo cell imaging, careful analyses of the optical properties of the laser
are required for various chemical environments. We provide such analysis in
Chapter 2, where the first detailed optical characterization of any biological
laser is presented.
After improving the optical characterization of these lasers, we set out to
investigate three types of biolaser systems: natural (found in, or derived from,
nature), bio-engineered (where the gain molecules have been produced via
bio-technology, i.e protein engineering using genetically modified bacteria),
and complex (where the gain medium contains more than one type of emitter
or biomolecule). We investigate biological laser systems, under each of these
categories, in Chapter 3.
In the first section of Chapter 3, we present evidence for lasing from op-
tically pumped phycobiliproteins for the first time. These proteins, derived
from red algae, have been used as fluorescent reporters since the 1980s, and
their widespread applications range from food colorants to photodynamic
therapy. Because red algae live deep beneath the ocean floor, the proteins
that comprise their light-harvesting machinery have evolved to have a broad
absorption spectrum and exhibit high quantum yields.
Next, a bio-engineered system, comprising recombinant red fluorescent pro-
tein gain media, is analyzed in Section 3.2. In particular, we examine the
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optical response of fluorescent protein lasers when excited with circularly as
opposed to linearly polarized light. Remarkably, the use of circularly po-
larized light reduces the pump energy requirement by 30%, and provides a
notable laser optimization strategy for decreasing the concentration require-
ments of biological lasers.
In Section 3.3, we investigate the process of Fo¨rster Resonance Energy
Transfer and its use in complex biological laser systems. The applications of
FRET are numerous. The effect is typically used to examine molecular scale
interactions; for example, how the structure and conformation of proteins
change as a function of salt concentration in vitro. The technique has also
been employed by laser physicists to generate near-infrared optical sources
that can be excited at standard pump wavelengths (532 nm) with higher
quantum efficiency. We also examine a previously unexplored donor-acceptor
configuration using organic fluorophores and gold nanoparticles tethered by
biotin-streptavidin bonding, one of the strongest known non-covalent inter-
actions in nature. These FRET pairs are simpler to construct compared to
previous reports on latex nanoparticles and DNA spacers, and have potential
for improving sensors and near-infrared sources.
In the final chapter of this dissertation, we describe a new optical source ca-
pable of producing hundreds or thousands of microlasers from a single pump
beam. The device is described in Chapter 4, where the optical properties,
potential for single-cell analysis, and fabrication are discussed. Additional
details can also be found in the final section of Chapter 4, where we in-
troduce a micro-refractive element stabilized laser array using a solid-state
gain medium, which has tremendous implications for increasing the temporal
resolution of full-field microscopy.
For the microscopist, image resolution and contrast is largely dictated by
the optics available and, in particular, the spatial and temporal coherence of
the light source. Lasers are highly coherent sources and much brighter than
LEDs and halogen lamps. However, the high degree of spatial coherence in
laser beams produces speckle, an interference phenomenon that degrades im-
age quality. In Chapter 4, the fabrication procedure for an intra-cavity device
capable of reducing speckle from a pulsed laser is presented. Micro-laser ar-
rays, having either solid-state or liquid colloidal gain media, are constructed
from micro-refractive elements that stabilize the lasing action at the loca-
tion of individual lensing elements. The incoherent summation of beams,
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on an irradiance basis, effectively “averages-out” the noise (or speckle) that
would otherwise mar the image produced by a single laser beam. In short,
we have contributed new photonic tools for analyzing biological systems and
leveraged existing biological systems to develop new photonic tools based on
biomolecules.
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Chapter 2
OPTICAL CHARACTERIZATION OF A
BIOLOGICAL LASER
2.1 Background
1For several decades, fluorescence has served as the primary optical tool
with which the structure and chemical environment of biomolecules has
been probed [2]. Incorporated into a diagnostic process, however, fluores-
cence spectroscopy often suffers from poor signal-to-noise ratios, and the
low degree of optical coherence in the emitted radiation complicates or pre-
cludes the retrieval of phase information. The recent realization of lasing in
several biomolecules, including green fluorescent protein [3, 4, 5], luciferin
[6], and riboflavin [7, 8], has introduced optical sources having consider-
able promise as biosensors [9] or simply as biocompatible emitters [10]. By
integrating optically-active biomolecules with a resonator, the nonlinearity
of a biolaser operating near threshold can be leveraged so as to increase
significantly (relative to fluorescence spectroscopy) the sensitivity in detect-
ing light-biomaterial interactions, examining molecule-solvent chemistry, or
imaging cells in vivo. Despite the demonstration of stimulated emission in
several luminescent biomolecules over the past four years, realizing the po-
tential of coherent biomolecular optical sources as in-situ probes will require
detailed characterizations of these oscillators with respect to mode structure,
temporal history, and polarization behavior. We report here such results for
the biomolecular laser based on flavin mononucleotide (FMN), a derivative of
vitamin B2. More than 20 longitudinal modes, resolved for the first time, pro-
vide a frequency comb against which precise measurements of FMN-solvent
interactions can be made. Partially substituting glycerol for water as the sol-
vent reduces the FMN laser pump energy threshold to ∼ 30 µJ/mm2, more
1The contents in this chapter were reproduced from Rivera, J.A. and Eden, J.G. [1],
with permission from the Optical Society of America.
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than a factor of 4 smaller than that observed when water alone is the solvent.
The increased efficiency and gain bandwidth of the laser are attributed to
oxygen-enhanced deactivation of the excited FMN triplet species and, thus,
a significant reduction in the distributed absorption coefficient, α. The sensi-
tivity of the spectral, polarization, and temporal behavior of the FMN laser
to the identity of the solvent attests to the potential of this biomolecular
oscillator as a biochemical and biomedical diagnostic.
Co-enzymes such as FMN and flavin adenine dinucleotide (FAD) are closely
related biomolecules that share the same isoalloxazine ring and differ only
in the moiety terminating the ribityl chain from which riboflavin draws its
name [11]. For FMN and riboflavin, the species occupying the terminal
hydroxyl position in the ribityl chain is a hydrogen atom and a phosphate
group, respectively [12]. Isoalloxazines are known to be the chromophores
responsible for the bioluminescence of marine bacteria, and the fluorescence
quantum yield for FMN (0.23) is similar to that for other flavins [7, 13].
2.2 FMN spectral narrowing and threshold behavior
In the present experiments, solutions of riboflavin 5-monophosphate sodium
salt hydrate (FMN) (purchased from Sigma Aldrich, F2253) were prepared
in either deionized water or glycerol mixtures, and 100 µL of the solution was
placed onto the surface of a flat laser mirror having a reflectivity at 355 nm
and 570 nm of 5% and >99.7%, respectively. In the case of FMN/glycerol
mixtures, samples were vortexed for 20 min., followed by sonication for 30
minutes to ensure homogeneous mixing. A second flat mirror, having the
same transmission and reflectance spectra as the first, was positioned 375
µm above the lower reflector with a spacer. A frequency-tripled Nd:YAG
laser system generated 10 ns FWHM, 355 nm pulses that were focused and
directed through the upper mirror (and normal to the mirror surface) with
a lens having a focal length of 50 mm. Fluorescence and laser emission
produced by the FMN solution was separated from back-scattered pump
radiation by a dichroic beamsplitter and detected by either a photodiode
(risetime <1.5 ns) or a 0.75 m spectrograph having a gated, intensified CCD
array at the exit plane. The dispersion of the spectrograph/CCD detection
system is 1.03 nm/mm in first order, and absolute energies of the FMN laser
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pulses were measured with a calibrated silicon detector and a bandpass filter
having peak transmission at 570 nm.
Figure 2.1: FMN fluorescence and laser emission spectra recorded at low
resolution (∆λ= 1 nm) as the 355 nm pump energy fluence Ep was
increased from ∼61 µJ/mm2 to 232 µJ/mm2. Laser threshold occurs for Ep
∼ 115 µJ/mm2, and the observed spectral width for the FMN laser is ∼7
nm FWHM. For clarity, the intensity of the 61 µJ/mm2 (fluorescence)
spectrum was increased by an order of magnitude. The inset illustrates the
chemical structure of FMN, and all of the spectra presented here were
acquired with 10 mM FMN:water solutions.
FMN emission spectra, recorded at low resolution (∆λ= 1 nm) and with
water as the solvent, are presented in Fig. 2.1. For a pump (355 nm) energy
fluence of Ep = 61 µJ/mm
2, a fluorescence continuum having a width of
50 nm (FWHM) is observed but stimulated emission peaking at λ≈570 nm
appears when Ep reaches 115 µJ/mm
2. Self-absorption by FMN appears
to be responsible for the red shift of the laser spectrum relative to peak
fluorescence. The emergence of laser radiation from FMN is accompanied by
spectral narrowing and the collapse of the spontaneous emission background.
As the pump energy fluence is increased further, the laser output intensity
grows rapidly, the spectral width is 7 nm when Ep = 232 µJ/mm
2, and the
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structure superimposed onto the laser spectra of Fig. 2.1 is due to partially-
resolved longitudinal modes. The appearance in Fig. 2.1 of a clear pump
energy threshold for this optical oscillator is confirmed by measurements of
the laser output energy with a calibrated detector. As illustrated in Fig. 2.2,
extrapolation of the data for FMN:H2O solutions (represented by the black
symbols (o)) to zero output energy shows the threshold pump energy to be
110 ± 10 µJ/mm2, which is in agreement with Fig. 2.1.
Figure 2.2: Dependence of the relative FMN laser pulse energy (expressed
in nJ) on the pump energy fluence for both FMN/water and
FMN/glycerol/water solutions. All of these FMN solutions are 10 mM, and
data are presented for water (◦), 1:3 (•) and 1:2 () glycerol/water
solutions. The inset is a generalized diagram of the experimental
arrangement, and note that the ordinate is logarithmic.
Similar data have also been acquired when glycerol is the solvent and rep-
resentative results are given in Fig. 2.2. All of the FMN solutions are 10
mM and the solid red circles (◦) represent data obtained for 1:3 glycerol so-
lutions (1 part 10 mM FMN and 2 parts glycerol) whereas the open green
squares () are associated with 1:2 (1 part 10 mM FMN and 1 part glyc-
erol) solutions. The contrast between the laser performance of FMN in water
and glycerol is stark. Note, for example, that the threshold energy fluence
for FMN:glycerol solutions is more than a factor of 4 lower for 1:3 (glyc-
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erol/water) solutions than that measured when water alone is the solvent.
Furthermore, the threshold value of Ep for 1:2 mixtures (∼45 µJ/mm2) is
approximately twice that for the 1:3 solutions, or precisely the value expected
if the pump fluence is inversely proportional to the glycerol content in the
solutions. Conversely, removing glycerol entirely and diluting FMN in water
alone results in the laser deteriorating rapidly, as shown by the 5 mM and 10
mM FMN:water data of Fig. 2.3. It should also be mentioned that the slope
efficiency for the glycerol data of Fig. 2.2 is considerably higher (at least a
factor of 4 than that for FMN:H2O lasers (Fig. 2.3). Specifically, the slope
efficiency for the 1:3 glycerol/water data of Fig. 2.2 is ∼0.5%, or more than
a factor of two larger than that observed in the absence of glycerol.
Figure 2.3: Data similar to those of Fig. 2.2, comparing 5 mM and 10 mM
FMN:water solutions.
Much of the credit for the dramatically improved performance of this visi-
ble (λ ≈ 570 nm) oscillator when glycerol is the solvent should be attributed
to replenishing of the gain medium by molecular oxygen. This presump-
tion is consistent with early studies on flavin photochemistry which revealed
that the yellow color of riboflavin solutions faded when exposed to light but
was partially restored upon readmission of oxygen [14]. Upon dispensing a
100 µl droplet of a FMN:glycerol:water mixture onto the bottom mirror of
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our plane-parallel resonator, it was observed that air bubbled through the
pipette tip as a consequence of forward pipetting, resulting in the formation
of bubbles in the suspension which was facilitated by the low surface tension
of glycerol [15]. Previous studies have indicated that the photoexcitation of
FMN in the 320-400 nm wavelength region (UVA) culminates in the excited
molecule residing in the metastable triplet state, owing to an intersystem
crossing similar to that in dyes [16]. However, in the presence of oxygen, the
FMN triplet species is deactivated, as expressed by the reaction [11, 17]
3∗FMN + 3O2 → FMN +1 O2 , (2.1)
in which singlet oxygen is also produced. We conclude that the oxygen pro-
vided by glycerol enhances the quenching of FMN molecules in the lowest
triplet state, thereby reducing absorption at the laser wavelength(s) and in-
creasing the net gain for the system (go/α), where go is the small signal gain
coefficient).
2.3 Temporal narrowing of FMN laser
All previous reports of stimulated emission in biomolecules have regarded
data analogous to those of Figs. 2.1-2.3 as sufficient evidence of lasing. How-
ever, temporal narrowing is an equally important indicator of the onset and
decay of optical oscillation in pulsed systems, and Fig. 2.4 shows the normal-
ized pump and FMN emission waveforms observed for three values of pump
energy fluence. Both waveforms were recorded for each pump laser shot by
a 2.5 GHz bandwidth oscilloscope and matched photodiodes. The inset to
panel (b) of Fig. 2.4, which gives the response of the two photodiodes to
the same pump laser pulse, demonstrates the reliability of this experimental
approach. It should also be mentioned that the undulations on the pump
waveforms are the result of beating between longitudinal modes because the
oscillator for this particular pump laser was not injection-seeded. When the
pump energy fluence is below threshold (Fig. 2.4(a); Ep = 34 µJ/mm
2), the
fluorescence waveform exhibits a breadth of 8.1 ns FWHM. Owing to the sig-
nificant overlap between the pump and fluorescence waveforms of Fig. 2.4(a),
accurately determining the fluorescence temporal decay constant (τ−1) ne-
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Figure 2.4: Normalized pump (black) and FMN:H2O laser (red) waveforms
for three values of the 355 nm pump energy fluence (Ep): (a) 34 µJ/mm
2,
(b) 178 µJ/mm2, and (c) 268 µJ/mm2. In (a), the laser is below threshold
but, in (b) and (c), temporal narrowing of the output pulse is evident. The
inset to (b) shows the superposition of two laser pump waveforms of the
same pulse, recorded separately by two matched photodetectors. The inset
to (a) illustrates that the decay of the experimental fluorescence waveform
(shown in red) is well-represented by a single, decaying exponential (τ =
6.0 ns, black line). In panel (c), the temporal behavior of the falling portion
of the laser signal is displayed on a semi-logarithmic scale, demonstrating
that the laser intensity decays according to a double exponential,
Ae−t/τ1 +Be−t/τ2 , where A and B are constants. The lifetimes τ 1 and τ 2
are found to be 1.73 ns and 1.29 ns. Note the change in the scale of the
abscissa between panel (a) and that of panels (b) and (c).
cessitated the deconvolution of the two emission traces. Doing so with com-
mercial software (FluorTools Decay Fit 1.3) yields a single decay constant of
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τ−1= (6.0 ± 0.5 ns)−1, which is consistent with the known radiative lifetime
for the S1 manifold of riboflavin [18]. If, however, Ep is increased to 178
µJ/mm2 (Fig. 2.4(b)), the temporal width of the FMN emission pulse drops
abruptly to 2.4 ns because of rapid depopulation of the S1 manifold of states
by stimulated emission. The onset of lasing is delayed by 7 ns with respect
to the beginning of the pump pulse but peak intensity is reached 1.5 ns after
the system passes threshold. As illustrated in Fig. 4(c), at still higher values
of Ep (268 µJ/mm
2) the laser pulse width decreases to 1.75 ns, and the rapid
rise (<1.5 ns), but exponential decay, of the output intensity are reminis-
cent of the behavior of a Q-switched oscillator. The inset to panel (c) of
Fig. 2.4 shows the laser intensity decays according to a double-exponential:
Ae−t/τ1 + Be−t/τ2 where A and B are constants. The best fit of this expres-
sion to the data yields τ1 = 1.3 ns and τ2 = 1.7 ns. The latter of these is
within 2% of the value given by the expression for the photon lifetime of the
resonator: τp =
2nd
c[1−R1R2] = 1.67 ns where d (the mirror spacing) is 375 µm,
n is the refractive index of the gain-medium (1.333 for water at 570 nm and
293 K) and R1 and R2 are the reflectivities of the two cavity mirrors at the
laser wavelength(s) (R1=R2=99.9%). Furthermore, since τ p can also be writ-
ten as Q
ωo
where ωo is the center radian frequency for the oscillator (3.3x10
15
sec−1), the resonator Q is found to be 5.6x106. Before leaving this section, we
note that temporally resolving the laser output intensity provides additional
information for biolasers that previously was inaccessible or difficult to esti-
mate. For example, the time interval between the arrival of the pump pulse
and the onset of lasing (nominally 7.5 ns in Fig. 2.4(b) and 2.4(c)) provides
a convenient estimate of the gain coefficient given by gol ≈ 30 where l is the
total gain length corresponding to 7.5 ns. The result, go ≈ 14%-cm−1, is a
conservative value because it does not account for distributed loss (such as
triplet absorption) in the gain medium.
2.4 Impact of glycerol on FMN spectra
FMN laser spectra were also recorded at spectral resolutions considerably
higher than that of Fig. 2.1 and an example, representative of those ob-
tained throughout these experiments, is given in Fig. 2.5, for which the
spectral resolution is 0.02 nm. When Ep = 300 µJ/mm
2, the gain coefficient
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of this oscillator is sufficiently high (estimated above to be ∼0.14 cm−1) that
more than 20 longitudinal modes are above threshold and literally scores of
measurements found the free spectral range (FSR) to be 0.325 ± 0.005 nm,
where the uncertainty represents one standard deviation. This is precisely
the value expected for the FSR (≡ λ2/2nd) when λ=570 nm, d=375 µm and
n=1.333 for H2O at 570 nm. As exhibited by the consistent asymmetry of the
FMN laser mode profile of Fig. 2.5 and, specifically, the departure of specific
longitudinal mode intensities from a continuous, symmetric spectrum decay-
ing monotonically on either side of line center, inhomogeneous broadening
appears to contribute significantly to the FMN gain profile. This, in turn,
suggests that the laser mode profile will be sensitive to the FMN molecules
environment, a conclusion borne out by laser spectra such as those presented
in Fig. 2.6. Adding glycerol, for example, to the 10 mM FMN/water solu-
tions of Figs. 2.1, 2.3-2.5 (in a 1:3, glycerol:H2O ratio) results in a shift of
the spectrum by more than 1 nm to shorter wavelengths (shown in blue in
Fig. 2.6). Furthermore, the FSR of the FMN/glycerol/water spectrum is
0.302 ± 0.006 nm, which is within 1.3% of that expected from the glycerol
and water indices of refraction[19]. It must be emphasized that significant
differences from the spectrum of Fig. 2.5 (FMN solvated in water) are evi-
dent for glycerol concentrations much smaller than that in Fig. 2.6 but the
66 %v/v glycerol/FMN mixture (blue, Fig. 2.6) was chosen so as to make
the distinctions obvious.
From a spectral perspective, another interesting effect of introducing glyc-
erol to the gain medium is the surprising appearance of transverse mode
structure, as evidenced by the weak features on the blue side of the most
intense longitudinal mode peaks of Fig. 2.6. The frequencies of the qth longi-
tudinal mode of the mnth Hermite-Gaussian transverse modes of an optical
resonator are given by the relation [20]:
vmnq =
c
2nd
[q +
1 +m+ n
pi
cos−1 (g1g2)
1/2], (2.2)
where g1 = 1-d/R1, g2 = 1-d/R2, R1 and R2 are the radii of curvature of the
two mirrors forming the optical resonator, n is the index of refraction, and d
is the separation between the two mirrors. Consequently, for a plane-parallel
(Fabry-Perot) optical resonator, the second term on the right-hand side of
Eq. 2.2 vanishes, and the frequencies of all transverse modes are degenerate.
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Figure 2.5: FMN:H2O laser spectrum for which the pump energy density
and spectrometer resolution were 300 µJ/mm2 and 0.02 nm, respectively.
The free spectral range (FSR ≡ λ2/2nd) where is the center wavelength, n
is the refractive index of the gain medium, c is the speed of light, and L is
the spacing between the resonator mirrors) of 0.325 ± 0.005 nm is
consistent with λ=570 nm, L=375 µm and n=1.333 for water.
As shown by the red trace of the inset to Fig. 2.6, no transverse mode
structure is observed when water is the solvent, as expected. We attribute
the emergence of transverse mode structure, upon introducing glycerol, to
the bubbles (discussed earlier) that are ubiquitous in glycerol-water solutions.
Although this phenomenon will be discussed in detail elsewhere, suffice it to
say that the microbubbles in glycerol-water solutions act as a microlens that
alters the resonator characteristics from those of a traditional plane-parallel
optical cavity. Consequently, the Hermite-Gaussian modes are no longer
degenerate, and transverse mode structure is observed as in Fig. 2.6. For
the sake of comparison, the FMN:H2O and FMN:glycerol:H2O spectra in the
567.5-569.6 nm wavelength interval are magnified and overlaid in the inset
of Fig. 6. It should also be noted that the reduction in triplet absorption is
responsible for the blue shift of the FMN:glycerol spectrum, relative to its
FMN:H2O counterpart, in Fig. 2.6.
We should also note that, although the spectral resolution available for
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Figure 2.6: Laser spectra representative of those recorded for
FMN/water/glycerol solutions. A pronounced shift of the spectrum to the
blue is observed when 10 mM FMN solutions are diluted with glycerol in a
1:3 volume ratio. For the FMN/glycerol spectrum (shown in blue), the
longitudinal mode separation (FSR=0.302 ± 0.006 nm) is consistent with
n=1.42913 at 570 nm, and the appearance of transverse mode structure is
evident. For comparison, a laser spectrum for a 10 mM FMN/water
solution is shown in red, and the inset is a magnified comparison of the
FMN:H2O and FMN:glycerol:H2O spectra in the 567.5-569.6 nm region.
these experiments (λ ≈ 0.02 nm; resolving power ∼280,000) is beyond that
reported in the past for biolasers, the resolution is insufficient to observe
the spectral widths of the individual longitudinal modes of Figs. 2.5 and
2.6. That is, the Q value of 5.6x106 mentioned earlier implies a longitudinal
mode linewidth of ∼10−4 nm which is two orders of magnitude lower than
that available at present.
2.5 Polarization characteristics of FMN laser
The impact of glycerol on FMN is further clarified by measurements of the
polarization of the laser output beam. A polarizing beamsplitter (denoted
PBS) served to resolve the s (vertical) and p (horizontal) polarization com-
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ponents of the output intensity, and the relative contributions of each com-
ponent to the laser output are shown by the waveforms of Fig. 2.7 for Ep =
182 µJ/mm2. Because the Nd:YAG pump is p-polarized, the FMN laser is
preferentially polarized horizontally but, for the 10 mM FMN/water solution
(panel (a)), the peak intensity for the vertical polarization is 58% of that
for the p-polarized signal. This characteristic of the laser radiation can be
expressed in terms of the ellipticity or polarization (P) of the beam, where P
is given by: P = Ip−Is
Ip+Is
. Defining P according to the peak values of the inten-
sities Is and Ip, the polarization of the FMN laser in the absence of glycerol
is 0.44 ± 0.08. When glycerol is added to the gain medium, however, the
increase in solution viscosity is known to inhibit the rotation of FMN [21].
The result is the suppression of the s-component of the polarization and an
FMN laser output that more closely reflects the polarization characteristics
of the pump. As illustrated in panel (b) of Fig. 2.7, the addition of glycerol
results in P rising to 0.78 ± 0.08 and, interestingly, the FMN laser pulsewidth
decreases from 2.8 ns in Fig. 2.7(a) to <2.0 ns when glycerol is introduced
to the gain medium solution.
The results of Fig. 2.7 can be described qualitatively by the Perrin equa-
tion [2] that relates the fluorescence lifetime (τ) of a spherically-symmetric
fluorophore, rotating in solution, to its optical correlation time (θ)
r =
ro
1 + τ
θ
, (2.3)
where r is the fluorescence anisotropy (calculated from the polarization P)
and ro is the intrinsic anisotropy (i.e., in the absence of depolarization). The
rotational correlation time is given by the expression:
θ =
ηV
RT
, (2.4)
where η is the viscosity of the solution, and V is its volume. Although eqns.
2.3 and 2.4 are in qualitative agreement with the waveforms of Fig. 2.7,
this fluorescence-based model is not strictily applicable to the present laser
experiments in which the optical field intensity builds up quickly from the
noise (spontaneous emission) by stimulated emission. Indeed, the observed
increase in anisotropy in Fig. 2.7(b) (resulting from the introduction of glyc-
erol to the solution) is larger than that expected in fluorescence experiments
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Figure 2.7: FMN laser waveforms for which the s and p-polarized
components of the output radiation (shown in black and red, respectively)
are resolved by a polarizing beamsplitter (PBS): a) 10 mM FMN in water;
b) 1:3 ratio of glycerol and 10 mM FMN in water. The insets to a) and b)
are schematic diagrams of the experimental arrangement. All of the data
were acquired for a pump energy fluence of 182 µJ/mm2.
for which P must be ≤ 0.5.
2.6 Conclusions
In summary, the temporal, spectral, and polarization characteristics of an
FMN biomolecular laser have been examined in detail. When the energy
fluence of the 355 nm pulsed pump laser exceeds 115 µJ/mm2 (with water
as the solvent) for a plane-parallel resonator having a mirror separation of
375 µm, stimulated emission is observed over a 7 nm wide spectral region
and peak intensity is generated at 570 nm. The threshold pump energy
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fluence falls by more than a factor of 4 when glycerol is added to the solvent.
Also, the shot-to-shot stability of the laser spectrum is excellent and pulses
as short as 1.75 ns are emitted by the laser. The measured spontaneous
emission lifetime of FMN (6.0 ns) and cavity photon lifetime (1.7 ns) are in
agreement with previously published values or calculations. The longitudinal
mode structure of the FMN laser has been observed with a spectral resolution
of 0.02 nm, and> 20 modes are above threshold when water is the solvent and
Ep = 300 µJ/mm
2. Owing to the available spectral and temporal resolution,
the influence on an FMN laser of its chemical environment can be detected
readily. The output of the FMN laser is slightly p-polarized when water is
the only solvent, but the addition of glycerol suppresses rotational diffusion
of the molecule which, in turn, increases the degree of horizontal polarization
of the laser. These optical properties underscore the potential of FMN and
other biomolecular lasers as probes for a broad range of biochemical and
biomedical diagnostics, molecule-molecule interactions, and in vivo imaging
of cells.
18
Chapter 3
INVESTIGATION OF NATURAL,
BIO-ENGINEERED, AND COMPLEX
BIOLOGICAL LASER SYSTEMS
In this chapter, we investigate natural, bio-engineered, and complex bio-
logical laser systems. To that end, we report on the discovery of a natural
biological laser system based on a red-emitting phycobiliprotein derived from
red algae in Section 3.1, the elucidation and optimization of a recombinant
red fluorescent protein laser in Section 3.2, and the first demonstration of
a biotin-streptavidin based complex biological laser system in Section 3.3.
Each of these has significant implications for the field of biolasers that will
be discussed in the coming sections.
3.1 Lasing from optically pumped phycobiliproteins
3.1.1 Natural dyes and phycobiliproteins
Early dye laser systems benefited from the derivation of light-emitting com-
pounds from nature. For example, the commonly used Coumarin dye was
originally isolated from the tonka bean coumarou, from which its name is
derived. Today, Coumarin is a widely used dye laser gain medium and its
synthesized variants are able to produce light spanning the blue-green por-
tion of the visible spectrum. In this chapter, we introduce a new laser gain
medium based on naturally derived pigments. Phycobiliproteins are fluo-
rescent protein pigments, derived from blue-green and red algae, that have
had a significant impact on pharmaceuticals, food science, medicine, and the
cosmetic industry [22]. Numerous applications for phycobiliproteins followed
their early development as bright fluorescent reporters in 1982 [23], and to-
day these range from natural food colorants in chewing gum to photodynamic
therapy [24]. The unique in vivo characteristics of phycobiliproteins, namely
their broad absorption spectra and high extinction coefficients, are critical
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to the survival of marine algae living deep beneath the ocean floor (where
photon fluences are low). These proteins comprise a light harvesting antenna
complex which absorbs photons from the environment and funnels the energy,
through a chain of dipole-dipole interactions between pigments arranged in
tandem, to photosynthetic reaction centers ubiquitous in bacteria, algae, and
higher plants [25].
In the absence of a light harvesting complex, however, phycobiliproteins
retain their high absorbance and fluoresce brightly in solution. This is due to
the high density of bilins, or chromophores, that are packed into each phyco-
biliprotein subunit (see inset to Fig. 3.2). This light harvesting unit, known
as a phycobilisome, is shown in Fig. 3.1. In this diagram, R-phycoerythrin
serves as the outermost protein which absorbs photons from the environ-
ment. The energy is then transferred via Forster Resonance Energy Transfer
(see Section 3.3 for more details on this process) to Allophycocyanin (APC),
and further down the chain to the photosynthetic reaction centers of the
organism. It is interesting to note that, upon optical excitation of the R-
Phycoerythrin (R-PE) complex, one excites multiple fluorophores that are
in close proximity at the same time. As a result, there are several pathways
that compete with radiative emission and, for this reason, it was assumed
that making a laser using R-PE as the gain medium would not be possible
[26].
Figure 3.1: Illustration of the light-harvesting phycobilisome protein
complex. R-phycoerythrin is shown in red and serves as the outermost light
absorbing unit [27].
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The molecular weights of phycobiliproteins range from 100 to 240 kDa,
and owing to the large degree of bilin localization, extinction coefficients
for phycobiliproteins can be as high as 2.4 x 106 M−1cm−1. Notably, the
R-phycoerythrin (R-PE) phycobiliprotein, isolated from red algae, has a flu-
orescence yield equivalent to at least 30 fluorescein molecules on a molar basis
at comparable wavelengths, and is therefore highly relevant to biophotonic
applications [28]. While the biocompatibility, large stokes shift, high quan-
tum yield (Q=0.84) [28], and high water solubility of the R-phycoerythrin
fluorescent protein are routinely leveraged to produce fluorescence markers
for bioimaging, the potential of R-phycoerythrin as a biocompatible source
of optical gain for lasers has not been explored. To that end, we provide
evidence, for the first time to our knowledge, of lasing from this fluorescent
protein pigment. Owing to its efficient light harvesting capacity in nature,
R-phycoerythrin exhibits broader absorption spectra and higher quantum
yields than any of the recombinant fluorescent protein gain media demon-
strated in the past. These unique optical characteristics, as well as the com-
mercial availability of R-phycoerythrin and its bioconjugates, make this gain
material particularly promising for the development of bio-inspired devices
and highly sensitive laser-based detection [29]. Our work also calls for a re-
examination of the R-phycoerythrin protein unit since, contrary to previous
assumptions that upheld the incompatibility of R-PE as a gain medium, we
observe lasing at an optimal concentration of 2 mg/ml.
3.1.2 Experimental details
R-Phycoerythrin was purchased from Thermo Fischer Scientific (Item #P801)
at a stock concentration of 4 mg/ml and was diluted with milliQ water to a
concentration of 8 µM. The experimental arrangement consisted of a plane-
parallel cavity assembled using two flat, highly reflective mirrors (R>99.99%
at 600-700 nm) that transmitted over 95% of the pump light. The mirrors
were made parallel by retroflecting the output beam of a 1 mW HeNe laser
at normal incidence from the bottom and top mirrors comprising the optical
cavity. A 10 µl droplet of R-PE was dispensed onto the surface of the bot-
tom mirror, and the top mirror was lowered using a linear motorized stage
until contact was made with the solution. Lasing experiments were then con-
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ducted on aqueous droplets of R-phycoerythrin. In these experiments, the
pump beam generated from the second harmonic of a pulsed Nd:YAG laser
(532 nm) was expanded using a diverging lens and then directed through
a 4X Olympus microscope objective using a dichroic mirror. The droplet
within the plane-parallel cavity was placed at the working distance of the
microscope objective and the aqueous solution of R-PE was exposed with
the 532 nm pulsed laser beam having a spot size of 0.7 mm2. The emission
from the cavity was passed through a notch filter (532 nm) after being col-
lected by a tube lens that imaged the droplet onto the 10um slit of a 0.75
m Czerny-Turner spectrograph having an intensified CCD at the exit plane.
For threshold and temporal measurements, the R-PE emission from the cav-
ity was imaged either onto a calibrated silicon energy meter (Coherent, Inc.)
or a fast photodiode (DET10A, rise time <1.5 ns).
Figure 3.2: Output energy from the R-PE laser as a function of the input
pump energy. The lasing threshold is reached for a pump energy density
near 196 µJ/mm2. The top inset shows the chemical structure of a single
phycobiliprotein chromophore (also known as a bilin). The bottom portion
of the inset shows the experimental arrangement for the optical cavity
being excited by the second harmonic (λpump = 532 nm) of a pulsed
nanosecond Nd:YAG laser.
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3.1.3 R-Phycoerythrin laser emission characteristics
Pulse energies emerging from the photo-excited R-PE droplet contained within
the cavity, recorded with a calibrated silicon detector, are plotted as a func-
tion of the input pump fluence in Fig. 3.2. The inset to Fig. 3.2 shows
the molecular structure of the phycoerythrobilin chromophore, present in
R-phycoerythrin, that is responsible for light absorption and emission. Re-
markably, 30 of these chromophores, equivalent to a bilin concentration near
80 mM, are covalently bound to a single R-phycoerythrin protein[28]. The
inset also includes an illustration of the plane-parallel resonator used in the
present experiments. Lasing from the optically pumped, aqueous R-PE solu-
tion occurs above a threshold energy of Epump=197 µJ/mm
2, as evidenced by
the sudden increase in output energy depicted in Fig. 3.2, and peak energies
as high as 27 nJ were recorded. Spectral evidence for lasing was acquired us-
ing a high-resolution spectrograph (∆λ u 0.02 nm) and is shown in Fig. 3.3.
When exciting the system with a pump energy approximately three times
above threshold (600 µJ/mm2), 112 longitudinal modes separated by a spac-
ing of 0.18 nm were observed oscillating at a center wavelength of 610 nm.
The longitudinal mode spacing is consistent with a cavity length L of 777
µm according to the expression for the free-spectral range (FSR ≡ λ2/2nd)),
where the refractive index n of the aqueous R-PE solution is that of water
(1.33). The red shift in the center wavelength with respect to the maximum
emission intensity of R-PE is attributed to self-absorption. The inset to Fig.
3.3 shows a lower resolution (∆λ u 1 nm) spectrum of R-PE, where a stim-
ulated emission peak having a gain bandwidth of ∆λ ≈ 21 nm is centered
at a wavelength of 610 nm. The background spontaneous emission leaking
through the top mirror spans over 40 nm, and the intensity is modulated by
the transmission spectrum of the mirror.
Temporal characteristics of the R-PE laser emission are depicted in Fig.
3.4, where the pump and R-PE waveforms are shown in black and red, re-
spectively. A sharp R-PE laser pulse emerges from the cavity when exciting
the system with an approximate pulse energy of 242 µJ/mm2. The R-PE
laser pulse, having a FWHM (full-width-half-maximum) of 2.35 ns, is nar-
rower than the pump pulse (FWHM∼5.8 ns). This temporal narrowing of
the R-PE emission waveform with respect to the pump pulse confirms the
presence of stimulated emission. Fitting the decay with a double exponential
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Figure 3.3: Longitudinal mode spectrum for the R-PE laser pumped
approximately three times above threshold. The mode spacing is 0.18 nm
and corresponds to a cavity length of 777 µm. The inset is a low-resolution
spectrum spanning from 550 to 650 nm. The spontaneous emission
modulated by transmission through the top mirror spans from 540 to 660
nm, and stimulated emission peaks around 610 nm when the system is
pumped above threshold.
24
Figure 3.4: Pump (black) and R-PE emission (red) waveforms, recorded
simultaneously by two photodiodes. The pump energy density was Epump=
242 µJ/mm2 when these waveforms were captured. Temporal narrowing of
the R-PE emission with respect to the pump pulse confirms the presence of
stimulated emission.
curve reveals characteristic lifetimes of 0.3 ns and 1.15 nanoseconds. Previ-
ous reports indicate the radiative lifetime for R-PE is ∼3.0 ns. This lifetime
is regarded to be a complex function of the interaction between individual
chromophores that are covalently bound to the phycobiliprotein [30].
In addition, the polarization characteristics of the R-PE laser pulse were
examined by directing the emission through a polarizing beam splitter (PBS).
The horizontal and vertical components of the polarized beam, separated by
the PBS, were measured simultaneously using matched photodiodes. Wave-
forms for the horizontal and vertical polarization components of the R-PE
laser are shown in Fig. 3.5. The polarization of the R-PE laser pulse follows
the pump laser polarization, which is horizontally polarized, and the vertical
component for the R-PE laser appears to be negligible. Owing to the rota-
tional relaxation of dye molecules, the degree of anisotropy for a liquid gain
medium will depend on the rotational correlation time of emitters relative
to their radiative lifetime[31]. The relatively large molecular weight of R-PE
leads to a slow rotational correlation time (θ = ηV
RT
, see Chapter 2), result-
ing in a high degree of anisotropy in the gain medium which is consistent
with the observed polarized laser emission that follows the polarization of
the pump.
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Figure 3.5: Waveforms, simultaneously recorded using two photodiodes, for
the vertical and horizontal components of the R-PE laser. The polarized
emission follows the polarization of the horizontally polarized pump laser.
In short, the first demonstration of lasing from an optically pumped fluo-
rescent protein pigment, derived from red algae, was reported here. The onset
of stimulated emission, centered around 610 nm, was observed for pump en-
ergy fluences above 196 µJ/mm2 and 112 longitudinal modes were recorded
using a high-resolution spectrograph. Temporal narrowing of the output R-
PE emission confirmed the presence of lasing for pump energies around 200
µJ/mm2. Waveforms for the horizontal and vertical components of the R-PE
laser reveal a high degree of anisotropy in the gain medium and is attributed
to the rotational relaxation of R-PE molecules in solution.
3.2 Elucidation of mode structure and optimization of
red fluorescent protein lasers
Owing to the pioneering work by Shimomura in the 1960s and Martin Chalfe
in the 1980s, fluorescent proteins have gone from a fundamental research cu-
riosity to an indispensable tool in biology. Since the introduction of green flu-
orescent proteins, scientists have amassed an impressive palette of genetically
engineered fluorescent proteins with emissions spanning the visible spectrum.
Indeed, the development of fluorescent proteins has transformed bio-imaging
and the study of in vivo biomolecular processes. The genetic versatility
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of fluorescent proteins as well as the complexity and elegance of the beta-
barrel motif shielding the light-emitting chromophore (see Fig. 3.6) from its
environment are promising for bio-inspired photonics. In the case of recom-
binant fluorescent proteins, the isolation of gain media from a genetically
modified organism has numerous implications for laser development. For
example, laser-based biomedical diagnostic schemes have been demonstrated
for biomolecular sensing using optofluidic ring resonators [32]. Other possibil-
ities include engineering laser gain media toward maximal luminescence and
quantum efficiency. One could also envision bacterial populations that con-
tinuously produce gain molecules in a laser cavity to form a self-replenishing
gain medium that is impervious to photo-induced degradation. Reports on
solid-state fluorescent protein lasers have also emerged in the literature as
promising gain media that, in contrast to their synthetic dye counterparts,
do not suffer from self-quenching effects [5].
Figure 3.6: Illustration of the monomeric red fluorescent protein mCherry.
Reproduced from [33].
The application of fluorescent protein lasers, particularly in laser-based
diagnostics, will require efficient pumping schemes to minimize the concen-
tration of molecules needed. While biological lasers are not strictly used for
trace detection, but rather differential detection of small changes in the gain
medium, the concentration of the analyte remains an important factor when
considering cost and viability of the device, as well as pumping requirements.
In this chapter, we find that, rather than increasing the concentration of the
gain molecules, we can increase the amount of photoselection within the gain
medium to lower the lasing threshold by pumping with circularly polarized
light. In doing so, we achieve a 30% reduction in the threshold energy require-
ment. Furthermore, in order for spectral characteristics of biological lasers
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to be of diagnostic use, a spectral resolution on the order of the longitudinal
mode separation is required. Previous reports on fluorescent protein lasers
in the literature have been limited by poor spectral resolution and a lack
of temporal information, thereby precluding the retrieval of refractive index
and dynamic information from the system. Using a plane-parallel cavity with
well-defined mode spacing and a high-resolution Czerny-Turner monochro-
mator, we present previously unobserved longitudinal mode spectra for a
red fluorescent protein (mCherry recombinant, derived from Discosoma sp.)
laser. We examine the temporal characteristics of the laser emission, when
pumped with circularly and linearly polarized light, using fast photodiodes
and a 2.0 Ghz oscilloscope.
3.2.1 Elucidating mode structure of red fluorescent protein
lasers
The pioneering work done on fluorescent protein lasers has culminated in new
bio-inspired laser systems that have the potential to enhance or transform
biomedical diagnostics. However, as illustrated by Fig. 3.7, the spectral
information acquired has been limited to qualitative measurements where
the observed spectral narrowing provides little information beyond the con-
firmation of stimulated emission. To advance biological lasers beyond the
developmental stage, we provide in this section a complete optical character-
ization of the spectral and temporal profile for the emitted radiation.
Figure 3.7: Low-resolution spectra for red fluorescent protein lasers
employing ring resonator geometries. The spectra on the left and right were
reproduced from [34] and [5], respectively.
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The experimental arrangement is similar to that in Section 2, except the
optical cavity was mounted to a linear stage and the cavity was imaged onto
a CCD camera. Briefly, a solution of recombinant RFP, diluted in 1X PBS
at a concentration of 1 mg/ml, was dispensed in between two flat mirrors
separated by a distance of 740 µm using a linear stage. The mirrors were
aligned using a continuous wave HeNe laser such that the dielectric surfaces
were parallel to one another (see Chapter 4 for more details). The dielec-
tric mirrors reflected >99.9% of the light in the 600-1100 nm region of the
spectrum. The sample was irradiated with a pulsed nanosecond Nd:YAG
laser routed through a 4X objective after being reflected by a dichroic beam
splitter fabricated to reflect pump light and transmit the emission from the
laser cavity. The emitted light from the constructed laser cavity was col-
lected either by a high-resolution spectrometer (Princeton Instruments), a
photodiode (rise time <1.5ns), or a silicon low energy meter (Coherent Inc.).
Figure 3.8: High-resolution longitudinal mode spectrum of the red
fluorescent protein laser. More than one-hundred and twenty longitudinal
modes were observed.
Operating the red fluorescent protein laser well above threshold (Ep∼ 200
µJ/mm2) results in 128 longitudinal modes oscillating with a center wave-
length of 640 nm, as depicted in Fig. 3.8. Owing to the high resolution of
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Figure 3.9: Temporal waveforms for pump (black) and RFP laser (red)
emission captured using fast photodiodes (rise time <1 ns) and a 1.5 GHz
oscilloscope.
our intensified CCD-coupled monochromator, the modes are clearly resolved
and are spaced 0.21 nm apart. Furthermore, the gain curve can be inferred
from the intensity variations in the spectrum. As discussed in Chapter 2,
the gain curve is a reliable indicator for triplet-state absorption in the cavity.
Monitoring triplet-state absorption in the presence of oxygen or other triplet-
state quenchers can yield important insights into dark states of biomolecules
which are relevant for bio-imaging applications. It is worth noting that our
findings contain the highest number of longitudinal modes observed for any
biological laser and present a significant advance for obtaining a frequency
comb over which intra-cavity fluorescent protein biomolecular interactions
may be monitored in the future. In addition to spectral information, the
temporal characteristics of the RFP laser pulse are shown in Fig. 3.9. The
black trace represents the temporal profile of the pump laser (FWHM ∼5.1
ns) and the red trace pertains to the red fluorescent protein laser pulse, hav-
ing a FHWM of approximately 2 ns and exhibiting an exponential decay with
time constant on the order of τd = 1.25 ns.
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3.2.2 Circularly polarized excitation of red fluorescent protein
lasers
Before examining the polarization characteristics and response to circularly
polarized light for our red fluorescent protein laser, we provide a general
overview of excitation and photoselection processes relevant to our findings.
The output polarization for any laser having a liquid gain medium composed
of freely rotating fluorophores will depend primarily on three factors: 1) the
polarization of the excitation source, 2) the orientation of the absorption
transition dipole moments for the fluorophores being excited in relation to
the excitation polarization direction, and 3) the rotational correlation time
of the emitters in solution [35]. The influence of the excitation polarization
will depend on the anisotropy of the medium given by
r =
I‖ − I⊥
I‖ + 2I⊥
, (3.1)
assuming the incident field polarization is parallel to the plane of inci-
dence. Thus, the anisotropy represents the proportion of light emitted in the
direction of the incident electric field vector (I‖ − I⊥) relative to the total
intensity (I‖ + 2I⊥). The denominator in the equation represents the total
intensity which is just the light emitted in all of space, or IT = Ix + Iy + Iz.
If we assume rotational symmetry about the z-axis, such that Ix = Iy, then
the total intensity becomes I‖ + 2I⊥.
When a population of fluorophores is excited with linearly polarized light,
there will be preferential absorption for those molecules having transition
dipole moments aligned parallel to the electric field of the incident radiation.
This phenomenon is known as photoselection [2]. Consider the arrangement
illustrated in Fig. 3.10, where a solution of randomly distributed fluorophores
(having equal probability of being oriented along a,b, or c) is excited by a
plane wave having an electric field vector oriented in the vertical direction
(c-coordinate). The photoselection phenomenon is illustrated in the diagram,
where fluorophores having principal axes parallel to the incident electric field
vector are preferentially excited (shaded rectangles) [36]. However, in the
case of unpolarized light, a greater fraction of the molecules is excited, owing
to the presence of multiple polarizations in the incident beam. Of course,
the simplified drawing in Fig. 3.10 does not address the fact that random
populations of fluorophores in solutions have an angular distribution over
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all of space and will not be perfectly aligned with the incident electric field
vector for the excitation light. It is well known that the absorption for
such a population is proportional to cos2θ, where θ is the angle between the
transition dipole moment of the fluorophore and the optical axis [2].
Figure 3.10: Photoselection of a randomly oriented distribution of
fluorophores in solution. Reproduced from [36].
The degree of polarization in the laser emission will depend on the rota-
tional correlation time of the fluorophore relative to the duration of the pump
pulse. For long rotational diffusion times relative to the pump duration, the
output polarization will follow that of the pump (see Chapter 2). If the ro-
tational correlation time of the fluorophore is short compared to the pump
pulse, then the emission will be depolarized [35].
The subject of polarization is a complex one and we highlight those topics
that are relevant to the results in this chapter. We have seen that exciting a
medium with linearly polarized light results in a process known as photose-
lection, and only a fraction of the molecules in the solution contribute to the
overall intensity observed. Furthermore, the polarization of the output beam
depends on the rotational correlation time of the molecule and, by extension,
its molecular weight. We are now prepared to interpret the results for the
following section on circularly polarized excitation.
To mitigate the concentration requirement for biological lasers, the system
will have to be optimized so that the gain medium is excited as efficiently as
possible. In the above section, we learned that excitation with polarized light
of a distribution of randomly oriented fluorophores results in photoselection,
a process that precludes the incident beam from exciting every molecule.
However, exciting the gain medium with a superposition of linearly polar-
ized waves would effectively increase the fraction of excitable molecules. Un-
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Figure 3.11: Exciting with circularly polarized light, as opposed to linearly
polarized light, results in a 30% threshold energy requirement reduction.
Figure 3.12: (Left) R-Phycoerythrin laser polarization waveform when
pumped with linearly polarized light. Owing to the large molecular weight
(240 kDa) of R-PE, the emission follows the pump polarization. (Right)
Temporal waveform for RFP laser excited using a circularly polarized pump
source.
fortunately, commercially available pulsed Nd:YAG lasers typically employ
polarization selective elements in their design and have linearly polarized out-
puts. To circumvent this, we install a quarter wave plate in the pump beam
path. The quarter wave plate, placed at the magic angle, produces circularly
polarized light which contains both vertical and linear polarizations that are
lagging in phase by 90°. The beam is then routed into our optical cavity to
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photoexcite the gain medium. The superposition of linearly polarized waves
enables sampling a greater number of randomly oriented fluorophores in the
solution, thereby increasing the fraction of molecules that can contribute gain
inside the laser cavity.
Fig. 3.11 shows the threshold behavior of the RFP laser when pumping
with linear and circular polarized beams. When pumping with circularly
polarized light, the threshold energy requirement drops by approximately
30%. The inset to Fig. 3.11 shows the threshold characteristics plotted on
a semi-log scale. The temporal waveforms for the RFP emission plotted in
Fig. 3.12 indicates the output polarization of the RFP beam follows the
polarization of the pump laser. Exciting with a superposition of linearly
polarized waves results in the RFP laser emission comprising a superposition
of polarized components. For comparison, the left panel of Fig. 3.12 shows
how the R-PE laser (see Section 3.1) follows the polarization of the pump as
well, owing to the high molecular weight of the phycobiliprotein (240 kDa).
Also, in contrast to the lower molecular weight FMN laser from Chapter
2, which exhibits a greater amount of depolarization, the fluorescent protein
emission is highly polarized. We attribute this to the higher molecular weight
of the red fluorescent protein (28.8 kDa).
3.3 Intra-cavity resonant energy transfer using
biotin-streptavidin bioconjugates
The study of Fo¨rster resonance energy transfer (FRET) culminated in the
late 1960s with the first demonstration of a “spectroscopic ruler”, achieved
using a chemically synthesized oligomer of poly-L-proline to separate dye and
acceptor fluorophores at nanometer-scale distances (from 1.2 to 4.6 nm) [37].
Since then, biologists and microscopists have used FRET as a spectroscopic
ruler to study and visualize nanometer-scale interactions involving DNA, flu-
orescent proteins, and drug/biomolecular complexes. Laser physicists have
also adopted the method to develop optical sources in the near-infrared by
confining donor-acceptor pairs in latex nanoparticles, thereby decreasing the
distance between FRET pairs without having to increase the bulk dye con-
centration [38]. Furthermore, this technology is particularly promising for
biomedical diagnostics as evidenced by the numerous works on FRET laser-
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based detection [32, 39].
In this chapter, we examine two previously unexplored configurations for
generating laser light using intra-cavity resonant energy transfer. First, the
donor-acceptor pair is connected using a biotin-streptavidin complex, having
one of the strongest known non-covalent interactions in nature. The well-
characterized biotin/streptavidin tether holds the donor and acceptor pair in-
place, at a distance of approximately 50 A˚, providing an efficient alternative
to latex nanoparticle fabrication schemes and expensive DNA spacers [40, 38].
Secondly, we monitor the interaction between an acceptor gold nanoparticle
and a Cy3 fluorophore using the same biomolecular linker within a laser
cavity; the acceptor quenching efficiency is significantly higher for the case
of a gold nanoparticle.
3.3.1 Radiative rate and energy transfer efficiency between
fluorophores
The derivation of the near-field interaction potential between oscillating dipoles
yields a dipole-dipole interaction which decays as R−3 and depends on the
relative orientation between donor and acceptor dipoles, as well as their res-
onant frequencies [41]. The rate of energy transfer, or transition probability,
for neighboring molecules, is determined quantum mechanically by incor-
porating the interaction potential into Fermi’s golden rule, from which the
well-known 1/R−6 distance-dependence emerges. The result of this deriva-
tion is summarized by the following three equations for the energy transfer
efficiency (E), the radiative rate (kT ), and the Fo¨rster radius (Ro) [41]. These
equations incorporate the spectral overlap (J), separation (RDA), and relative
orientations between donor and acceptor fluorophores (κ2):
E =
kT
τ−1D + kT
=
1
1 + (RDA
Ro
)6
(3.2)
kT (r) =
1
τD
(
Ro
RDA
)6
(3.3)
R6o =
9 ln 10κ2φDJ
128pi5n4NA
. (3.4)
The Fo¨rster radius corresponds to the distance for which the non-radiative
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energy transfer efficiency is 50%, and is illustrated in Fig. 3.13. For small
donor/acceptor distances the FRET efficiency is high (close to 100%); how-
ever, as the distance increases, the donor emits energy in the form of photons
before it can transfer non-radiatively to the acceptor. The donor-acceptor
pair in Fig. 3.13 exhibits a Fo¨rster radius of 5.6 nm, and the same Cy3-Cy5
pair is used in the experiments described in the next section. Depending on
the donor/acceptor system, this distance typically ranges from 20 to 60 A˚,
but is often independent of the solvent or macromolecule interactions [42].
Note that the rate of resonance energy transfer between molecules exhibit a
R6 power dependence, as indicated in equation 3.3.
Figure 3.13: FRET efficiency as a function of donor-acceptor distance. The
Forster radius (5.6 nm for this donor-acceptor pair) is the distance for
which a 50% energy transfer efficiency is reached. Reprinted from [43].
3.3.2 FRET depolarization
Fo¨rster theory was first observed in systems having identical fluorophore
pairs (homo-FRET), as opposed to relatively recent experiments in which the
donor and acceptor dye molecules are distinct molecules arranged in tandem
to have spectral overlap with one another [2]. Since energy transfer between
identical molecules yields indistinguishable emission spectra, the detection
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of homo-FRET relies on monitoring fluorescence anisotropy. As discussed in
Chapter 3.2, the excitation of a distribution of fluorophores with linearly po-
larized light results in photoselection, depending on the relative orientation
between the incident electric field vector and the absorption transition dipole
moments. However, in the case of close-packed molecules, the photo-excited
emitter might transfer its energy to a molecule having an absorption tran-
sition dipole moment oriented further away from the incident electric field
vector, but relatively close to the donor. FRET between an excited donor
and neighboring acceptor, can decrease the anisotropy, as illustrated in Fig.
3.14.
Figure 3.14: An illustration of the FRET depolarization process. Vertically
polarized light photoselects a population of randomly distributed
fluorophores. Energy transfer to neighboring acceptors, mis-oriented with
respect to the excitation light, results in depolarized emission from the
acceptor. Reprinted from [44].
3.3.3 Resonant energy transfer between a fluorophore and
gold nanoparticle
In addition to energy transfer between fluorophores, we examined the interac-
tion between a Cy3 donor molecule and a 100 nm gold nanoparticle. The high
quenching efficiencies of gold nanoparticles outperform conventional organic
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quenchers and are suitable for a wide range of wavelengths, making these ac-
ceptors highly relevant for fluorescence-based sensing [45]. To the best of our
knowledge, we are the first to perform intra-cavity resonance energy transfer
experiments in which the donor is tethered to a gold nanoparticle acceptor us-
ing a biotin-streptavidin bioconjugate linker. The results presented here pave
the way for laser-based diagnostics in which the acceptor is a gold nanopar-
ticle, as opposed to previous dye quenching schemes. The large surface-area
of the nanoparticle (relative to a quenching molecule) increases the probabil-
ity of non-radiative energy transfer, and thus the quenching efficiency of the
system is remarkably high. Furthermore, the introduction of a small amount
of loss resulting from the gold nanoparticle extinction results in a relatively
large drop in the laser output, as evidenced by Fig. 3.19.
The quenching efficiencies of gold nanoparticles outperform conventional
organic quenchers and are suitable for a wide range of wavelengths, making
these acceptors relevant for fluorescence-based sensing [45]. The complexity
involved in analyzing the interaction between the gold nanoparticle and the
dye in a quantative fashion depends on several factors. It is generally ac-
cepted that the emission of a fluorophore near a metal surface can become
quenched or enhanced, depending on the distance between the emitter and
the metal. In this section, we examine the energy transfer between an emit-
ter and a gold nanoparticle when resonant with localized surface plasmons
of the metal. Before describing the energy transfer process, it is instructive
to revisit the theory behind gold nanoparticle extinction.
The induced dipole moment for a metallic sphere which is much smaller
than the wavelength of light (consistent with a quasi-static approach to the
problem) is given by
P = 4pimedium
metal(ω)− medium
metal(ω) + 2medium
a3Eo , (3.5)
where metal and medium are the permittivities of the metal and environment,
respectively; ω is the plasma frequency, a is the particle radius, and Eo is the
incident electric field which induces the dipole moment. Note that when the
permittivity of the metal approaches −2medium, the polarizability diverges.
This corresponds to a surface plasmon resonance which causes an extinction
of the incident radiation while the gold nanoparticle is in close proximity
(<10 nm) to the fluorophore. The extinction coefficient (the sum of the
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scattering and absorption coefficients)is given by:
Cext = 9
ω
c

3/2
mediumV
2
|1 + 2medium|2 + 22
, (3.6)
where medium and metal = 1 + i2 are the dielectric constant of the medium
and permittivity of the metal, respectively [46]. Note that the extinction
coefficient is dependent on the dielectric constant of the medium as well
as the metal. This means that a change in the dielectric constant (and,
by extension, the refractive index) of the medium will result in a shift in
the resonant frequency. Hence, one could conceivably use this method to
change the laser spectrum by adjusting the position of the plasmon resonance
through the refractive index of the gain medium. In that case, one would
expect both longitudinal mode shifts and changes in the center wavelength
for the laser emission.
Figure 3.15: Extinction spectra for gold nanoparticles of different sizes.
Reproduced from Cytodiagnostics Inc. data sheet [47].
Fig. 3.15 shows how the resonance wavelength depends on the size of
the gold nanoparticle. Now that we know the origin of the gold nanoparticle
absorption,, we turn to the distance-dependent interaction between the metal
and the dye. In contrast to FRET between fluorophores which involves two
single molecules, the fluorophore in our experiment is essentially in proximity
to a nanoparticle surface. Consequently, the induced dipole moment is not
just on a single acceptor, but a distribution of dipoles across the nanometal
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surface. This effectively increases the distance-dependence term from 1/R6
to 1/R4 dependence.
For the present experiments, the surface plasmon absorption spectrum
overlaps with the emission spectrum of the dye molecule. Owing to the in-
creased surface-to-volume ratio for the metal, the dipole-dipole interactions
are no longer limited to a single donor and acceptor, but rather a donor and
a sea of induced dipole moments present on the surface of the metal nanopar-
ticle [48]. We also expect that, since the distance from the fluorophore to the
gold nanoparticle is small, dipole-dipole field interactions lead to quenching
- as opposed to a field enhancements that can also be observed when fluo-
rophores are held at longer distances. For more details on this process, the
interested reader is referred to several articles in the field [49, 50, 51, 52].
3.3.4 Motivation
Since the 1970s, resonant energy transfer schemes have been used to ex-
cite longer wavelength dyes that typically suffer from lower quantum yields
at standard pump wavelengths (i.e, 532 nm) [53]. Dye mixtures having
molecules with significant spectral overlap enable FRET between donor/acceptor
pairs in solution. However, in order to maximize energy transfer efficiency,
the distance between neighboring fluorophores needs to be reduced. This
is typically accomplished by simply raising the concentration of the solu-
tion, such that neighboring molecules pack closer together. To circum-
vent the need for higher concentration mixtures, researchers recently con-
fined dye molecules within nanoparticles, which lowers the distance between
donor-acceptor molecules. In contrast, a mechanism for pairing dye-acceptor
pairs based on biomolecules which exhibit a strong non-covalent interaction
strength, is presented here. The procedure is simple and does not rely on
complex fabrication schemes or expensive DNA linkers [40]. The following
results demonstrate evidence for lasing from donor-acceptor pairs separated
using biotin-streptavidin biomolecular linkers. This is a relatively simple
process which can be used for photonic near-infrared applications as well as
laser-based diagnostics.
Biotin-avidin complexes exhibit the strongest known non-covalent inter-
action (Kd∼ 10−15M) between a protein and a ligand. The high affinity of
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biotin for avidin derivatives is routinely leveraged for biomedical diagnostics.
The chemical conjugation of individual biotin and avidin molecules with flu-
orescent markers and/or antibodies has enabled an entire field of work for
studying the interaction between biomolecules. Furthermore, the realiza-
tion of genetically engineered avidin derivatives (streptavidin, neutravidin),
that are less susceptible to non-specific binding, has made this a highly re-
liable method, particularly for developing FRET-based assays in aqueous
solutions. In this work, we develop a protocol for FRET laser-based de-
tection using biotin-streptavidin binding, and we examine the intra-cavity
interaction between donor-acceptor, where the acceptor is either an emit-
ter or a gold-nanoparticle quencher. The experimental arrangement shown
here is advantageous for numerous reasons: 1) biotin-avidin conjugation is
cost-effective and simpler than DNA-based schemes, 2) we measure absolute
energies, which present a more accurate measurement than spectral integra-
tion, 3) the degenerate plane-parallel cavity combined with high-resolution
spectra yields a stable frequency comb, and 4) polarization measurements
reveal previously unexplored behavior in the FRET-mediated laser emission.
3.3.5 Experimental arrangement
Cy3-Streptavidin was purchased from Thermo Fischer Scientific at a stock
concentration of 40 µM, while the Cy5-biotin biomolecular conjugate was ac-
quired from Click Chemistry. After mixing 10 µl of 40 µM Cy3-streptavidin
with 10 µl of 90 µM Cy5-biotin, the suspension was incubated for 30 min-
utes at room temperature. The prepared solution was dispensed between
two highly reflective dielectric mirrors (R>99.9% at 600-1100 nm and trans-
mission >90% at 532 nm) that formed a plane-parallel optical cavity. The
sample was then optically pumped using a pulsed nanosecond Nd:YAG laser
(having a pulsewidth ∼ 8 ns) which was routed through the cavity using
an objective lens (4X Olympus). The emitted radiation passed a dichroic
beam-splitter, which reflected the pump, and was focused onto the slit of a
monochromator (Czerny Turner Acton 2710). Fast photodiodes and a polar-
izing beam splitter were used to characterize the temporal and polarization
properties of the FRET laser. Furthermore, a highly sensitive, silicon de-
tector (Coherent Inc.) was used to measure absolute pulse energies emitted
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from the cavity.
3.3.6 Threshold energy and spectral measurements
The threshold characteristics for the Cy3-streptavidin-biotin-Cy5 bioconju-
gate laser are shown in Fig. 3.16. Resonant energy transfer between the
donor and acceptor results in lasing above a threshold pump fluence of 179
µJ/mm2. The rate of energy transfer depends on the proximity of the Cy3
molecule to the Cy5 molecules anchored to the streptavidin (5.6 nm x 5 nm
x 4 nm) docking site. The longitudinal mode laser spectrum of the cavity
Figure 3.16: FRET-based laser output energy as a function of input pump
fluence.
is shown in Fig. 3.17 and corresponds to a mirror separation of 1.2 mm.
The molar concentration of the acceptor is 2.25 higher than the donor for
these experiments. The intra-cavity methodology presented here is advan-
tageous for numerous reasons: 1) the high-resolution spectrum provides a
frequency comb for monitoring refractive index changes, 2) the degeneracy
of a plane-parallel cavity suppresses “noise” from higher-order modes that
complicate the spectra of optofluidic ring resonators, and 3) the coherence in
the emitted field can be used to extract phase information. Furthermore, the
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uneven distribution in the intensity reveals transient behavior which should
be explored in the future.
Figure 3.17: FRET laser longitudinal modes oscillating with a center
wavelength of 710 nm.
3.3.7 Depolarized laser emission from a FRET laser
We observed some amount of depolarization in the FRET-Cy5 emission when
acquiring waveforms for the horizontal and vertical components of the emit-
ted FRET laser radiation. As discussed in Section. 3.3.2, a decreased
anisotropy can be expected from a resonant energy transfer process. The
depolarized emission from the acceptor is consistent with previous fluores-
cence spectroscopic work on FRET emission, in which the segmental motion
of the acceptor relative to the donor causes depolarization in the emitted
radiation.
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Figure 3.18: Temporal waveforms for the horizontal and vertical
components of the FRET laser emission captured with two fast (rise time
<1.5 ns) photodiodes. Optical components are abbreviated as follows: M
(mirror), DM (dichroic mirror), BS (beam splitter).
3.3.8 Effect of gold nanoparticle acceptor on laser
performance
Biotinylated gold nanoparticles (AuNP, 100 nm in size) were purchased at
a stock concentration of 1.92x1011 nanoparticles/ml. The particles were di-
luted using DI Water to a concentration of 1.92x109. A 10 µl solution of
AuNP was incubated with 10 µl of stock Cy3-streptavidin for 20 minutes.
The solution of Cy3-streptavidin-biotin-AuNP was then dispensed in between
two mirrors and the lasing characteristics were recorded using the same ex-
perimental arrangement described above.
Absolute output energies for two donor-acceptor systems are plotted as a
function of input energy in Fig. 3.19 on a logarithmic scale. Cy3-streptavidin
bioconjugates without an acceptor present yield an estimated threshold en-
ergy of 75 µJ. The presence of a gold nanoparticle acceptor decreases the
output slope officiency by approximately an order of magnitude, and the
threshold is estimated to be 115 µJ. The 53% increase in the threshold en-
ergy requirement when the biotinylated gold nanoparticle acceptor is bound
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to Cy3-streptavidin is consistent with non-radiative energy transfer from the
Cy3 dye molecule to the 100 nm gold nanoparticle.
Fig. 3.20 shows the spectral differences between both donor-acceptor pairs,
where the presence of the gold nanoparticle results in a prominent red-shift
in the spectrum. The shift to longer wavelengths indicates a reduced gain
coefficient in the laser cavity and is consistent with the surface plasmon
resonance peak (near 600 nm) for the 100 nm gold nanoparticle.
Figure 3.19: Laser output pulse energy plotted as a function of pump
fluence for Cy3-streptavidin and Cy3-streptavidin tethered to a biotinylated
gold nanoparticle.
3.3.9 Conclusions
Using a biomolecular tether, which exhibits the strongest known non-covalent
interaction between two biomolecules, we achieve lasing from donor-acceptor
pairs that show promise for both photonic and bio-sensing applications. We
have demonstrated that FRET bioconjugate pairs are suitable for efficient
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Figure 3.20: High-resolution longitudinal mode laser spectra for
Cy3-streptavidin with and without a biotinylated gold nanoparticle
acceptor being present.
intra-cavity resonant energy transfer, and could potentially be used in dye
laser schemes where near-infrared dyes are far from the standard pump wave-
length. The output of the FRET laser is slightly depolarized relative to its
donor-only counterpart, likely due to the resonant energy transfer process.
The low dissociation constant, simple fabrication, and adapatability to a
wide range of emitters makes FRET bioconjugate lasers highly promising for
photonic applications. Furthermore, energy transfer to a gold nanoparticle
paves the way for intra-cavity detection which leverages the high extinction
coefficient of gold nanoparticles for highly sensitive laser-based detection.
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Chapter 4
MICRO-REFRACTIVE ELEMENT
STABILIZED RESONATORS FOR
DIAGNOSTIC AND IMAGING
APPLICATIONS
Since the invention of the laser, virtually all conventional two-mirror res-
onators have produced a single output beam having a transverse intensity
distribution that depends primarily on the geometry of the resonator. In
this chapter, we describe the fabrication and characterization of a new form
of optical resonator capable of producing hundreds or thousands of beams
from a single pump beam. The generation of myriad uncorrelated sources
has vast implications for diagnostics. Furthermore, our fabrication method is
unique in that, in contrast to conventional solid-state fabrication methods for
producing microscopic laser arrays that require complex, and highly toxic,
epitaxial growth schemes, the arrays demonstrated here are constructed in-
house, highly scalable, and can be adapted to virtually any gain medium.
In the first section of this chapter, polystyrene microspheres are deposited,
either through self or convective assembly methods, onto a flat mirror for
stabilizing the output of a plane-parallel resonator. We discuss the opti-
cal characteristics, fabrication, and transverse mode behavior for these laser
arrays.
In addition, we propose a diagnostic scheme for monitoring cellular pro-
cesses inside of a laser cavity by employing a live single-cell organism as the
micro-refractive element. The appearence of transverse mode structure, orig-
inating from single cells within the cavity, is monitored using a microscope
coupled to a CCD camera. The presence of distinct ring patterns around
the organism suggests this method can also be used for intra-cavity in-line
holography, an imaging scheme which has not been studied previously.
In the final section, we introduce a broadband microlens-stabilized optical
source for speckle-free pulsed nanosecond laser bio-imaging. By combining a
series of uncorrelated microlens-stabilized laser beams, we reduce the speckle
contrast that would otherwise mar the image produced by coherent illumi-
nation. In short, the novel optical resonator presented here paves the way
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for a variety of laser physics and biophotonics applications.
4.1 Experimental methods
The plane-parallel configuration used in Chapter 2 was adapted to a custom-
built microscope. The flat surface of each mirror was aligned perpendicular
to the optical axis using precision kinematic mounts that were attached to
an actuated linear stage. The output beam of a helium neon laser (λ = 543
nm) was retroflected from the bottom cavity mirror (with and without the
top mirror being present) during alignment to interferometrically ensure that
both mirrors were parallel. After mixing 1 µl of polystyrene microspheres
(Duke Scientific) with 10 µl of colloidal quantum dots (8 µM, Thermo Fischer
Scientific), a 10 µl droplet of the resulting mixture was dispensed onto the
bottom mirror. The cavity was back-illuminated using a collimated LED
and optically pumped from above using nanosecond pulses from an Nd:YAG
laser (10 Hz, λ=532 nm).
Figure 4.1: Simplified diagram of the experimental arrangement used to
capture emission from micro-refractive element stabilized resonators.
Optical components are abbreviated as follows: TL (tube lens), DL
(diverging lens), BA (beam attenuating optics), Obj (objective lens), M
(mirror), DM (dichroic mirror), BS1,2 (beam splitters 1 and 2), EM (energy
meter), NF (notch filter).
Fig. 4.1 shows a simplified diagram of the experimental arrangement,
where the pump beam path is highlighted in green and the emission in red.
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The LED back-light and helium neon laser beam path is not shown. The
beam from the Nd:YAG was routed through a series of attenuating optics
(half-wave plate and polarizing beam splitter), a dichroic mirror (550 nm
long-pass) and an objective lens (10X Olympus, Thorlabs Inc.) before reach-
ing the optical cavity. In addition, the beam was sampled by a 50/50 beam-
splitter (BS1) and directed onto a calibrated pyroelectric energy meter (EM).
The pixelated laser emission from resulting microsphere-stabilized resonators
passed through the dichroic mirror and was imaged, through a beam-splitter
(BS2), onto the slit of a monochromator and a CCD camera. For array ex-
periments (see Section 4.4), a diverging lens was installed in the beam path
after BS1 (see Fig. 4.1) to expand the spot size at the focal plane of the
microscope for illuminating 172 microspheres in a single shot of the pump
laser.
4.2 Optical properties of microsphere-stabilized laser
resonators
Polystyrene microspheres, acting as lensing elements, stabilize the lasing ac-
tion within a plane-parallel optical cavity which normally suffers from high
diffraction losses (1-2 seconds of arc misalignment is enough to impede lasing,
where 1 second of arc is 0.00028 degrees [54]). The microsphere-stabilized
optical cavity is shown in Fig. 4.2. The resonator comprises two flat high
reflectors and a liquid colloidal quantum dot gain medium which lases at ∼
660 nm. This unique resonator configuration results in strong Gaussian mode
confinement and exhibits tunable spectral characteristics depending on the
cavity length and sphere size.
Microspheres self-assemble at the bottom mirror after being mixed with
the colloidal quantum dot gain medium and dispensed into the cavity. The
second harmonic of a pulsed, nanosecond Nd:YAG laser (shown in green) is
used to optically excite the gain medium (shown in red). The mirrors reflect
>99% of the generated laser light (600-1100 nm) and transmit >90 % of the
pump light (532 nm).
Device operation depends on the microsphere radius, mirror separation,
and the refractive index contrast between the sphere and its environment.
Operation of the device as a function of cavity length is determined by solv-
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Figure 4.2: An illustration of the microsphere-stabilized resonator
consisting of two flat mirrors and a colloidal quantum dot gain medium.
The pump laser illumination is shown in green, and microlaser emission is
shown in red.
ing the stability criterion for a spherical element placed in between two flat
mirrors. After solving the ABCD matrix for a gaussian beam in this con-
figuration, the simulated results for the spot size of a single micro-beam are
plotted as a function of mirror separation in Fig. 4.3. Depending on the
microsphere diameter (d=20, 40, 80 µm), there is an effective“window” of
mirror separations that results in lasing. As illustrated by the inset to Fig.
4.3, adjusting the vertical position of the top mirror with a linear stage al-
lows us to toggle between on and off states for the microsphere-stabilized
lasers. Polystyrene microspheres settled via self-assembly onto the bottom
mirror of the optical cavity after dispensing a 10 µl mixture of spheres and
colloidal quantum dots onto the bottom mirror of a plane-parallel cavity.
Fig. 4.4 shows an optical micrograph of a self-assembled array of 200 µm
microsphere-stabilized lasers. The lasing wavelength is approximately 660
nm. It is worth nothing these are some of the smallest guassian resonators
demonstrated to date.
Longitudinal and multi-transverse mode spectra were recorded for microsphere-
stabilized lasers having a variety of mirror separations. Fig. 4.5 shows a rep-
resentative plot of longitudinal modes (shown in black) for a L=50 µm plane-
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Figure 4.3: Simulated device operation for 20, 40, and 80 µm
microspheres. Microlaser spot sizes at the bottom mirror are plotted as a
function of mirror separations which yield a stable cavity.
Figure 4.4: In-plain view of d=200 µm spheres lasing while submerged
within a colloidal quantum dot gain medium.
parallel cavity. The red lines in Fig. 4.5 correspond to longitudinal modes
observed when a sphere is present in the cavity. Note that when a sphere is
present, the longitudinal mode separation decreases and the degeneracy for
transverse modes is lifted, resulting in the emergence of multiple transverse
modes. Fig. 4.6, shows the transverse modes generated by a sphere for a
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Figure 4.5: Longitudinal mode spectra for a plane-parallel resonator with
(red) and without (black) a 40 µm microsphere present.
cavity operating well within the limit of stability. Owing to the high Fresnel
number for a cavity having micrometer-scale mirror separations, the losses
for high-order modes are low and a multitude of transverse modes emerge
from a single microsphere-stabilized laser. The resulting Hermite-Gaussian,
Leguerre-Gaussian, and superposition of Gaussian modes, is shown in Fig.
4.6. The three mode patterns depicted in the first column exhibit Hermite-
Gaussian character, including TEM10, TEM20, TEM30. The second column
shows TEM11, TEM12, and TEM22 modes. Leguerre-Gaussian modes are
shown in the third column and a superposition of transverse modes can be
seen for spheres in the final fourth column.
Threshold characteristics for the laser emission from individual spheres is
shown in Fig. 4.7. The top plot shows input/output energy characteristics
for a 20 µm sphere and a 37 µm cavity length, while the bottom plot depicts
the threshold energy requirement for an 80 µm sphere lasing within a 120 µm
long cavity. We note that, while the slope efficiencies are low, these resonators
have not been optimized for extracting energy from the gain medium. Both of
the cavity mirrors are high reflectors which reflect >99% of the emitted light.
Hence, we expect that output coupler optimization will yield significantly
higher output energies, and will be the subject of future experiments.
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Figure 4.6: Multimode behavior for a 75 µm microsphere-stabilized laser
cavity.
Figure 4.7: Output pulse energy as a function of input energy for single
microsphere-stabilized lasers having sphere diameter d and mirror
separation L. The top and bottom panels show this dependence for spheres
having d=20 and 80 µm, respectively.
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4.3 Intra-cavity stabilization using a single-cell
organism
In this section, we propose a micro-refractive element stabilized laser based
on a live cell. To demonstrate this concept, we build a dual-compartment
laser cavity. The same colloidal quantum dot gain medium used in previous
sections is contained in one compartment, while single microalgae cells are
loaded into the second chamber. The microalgae are derived from Chlamy-
domonas Reinhardtii, a model microscopic organism typically used in biology
to study ciliary function [55].
The algae are approximately 10-20 µm in size and posses cilia equivalent to
eukaryotic flagella. The absorption of Chl a/b protein, which is the primary
pigment that fills the cytoplasm of the Chlamydomonas Reinhardtii cell, is
shown in Fig. 4.9 below. The relatively high absorbance at 652 nm which,
as seen in Section 4.3.2, precludes lasing through the entire body of the cell.
Intra-cavity cell stabilization was first proposed by Gourley et. al using a
VCSEL/microfluidic architecture. However, this method suffered from poor
image resolution, virtually no image contrast, lack of compatibility with the
visible spectrum, and bio-fouling of the substrates due to nonspecific ad-
sorption to the bottom mirror [56, 57]. Early reports of this technology
emphasized the high transmittance of cells at infrared lasing wavelengths
and low degree of scattering, which allowed for cell based stabilization of the
output laser beam. However, studies were restricted to infrared wavelengths
and were not suited for visible microscopy. In contrast, our micro-refractive
element stabilized resonator is capable of operating with virtually any gain
medium. The work presented in this section is well-suited for extending the
sensitivity of visible light microscopy and in-line holography schemes.
4.3.1 Experimental setup
A dual-compartment laser cavity was assembled, as shown in Fig. 4.9. The
colloidal quantum dot gain medium, shown inside the lower compartment
in the figure, was covered by a circular coverglass having a 1” diameter
and a thickness of 140 µm. The glass coverslip was separated from the
bottom highly reflective dielectric mirror (R>99% at 600-1100 nm) by a
plastic spacer having a thickness of 400 µm. A second spacer of equivalent
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Figure 4.8: Absorption spectrum of Chl a/b protein which constitutes the
chloroplast of Chlamydomonas Reinhardtii cells [58].
dimensions was placed on top of the glass coverslip and a suspension of 10 µl
of Chlamydomonas Reinhardtii was injected into the second compartment of
the cavity. Construction of the cavity was finalized by placing a second high
reflector on top of the second spacer. Single Chlamydomonas Reinhardtii
cells were imaged using an objective lens (10X Olympus, 0.25 NA, 10.6 mm
WD) in conjunction with a tube lens and CCD camera. The pump beam
was expanded at the working distance of the objective by directing the laser
light through a diverging lens prior to the microscope objective.
Figure 4.9: Dual-compartment laser cavity containing the gain medium
and Chlamydomonas Reinhardtii cells in the lower and upper chamber,
respectively. The system is excited with a pulsed Nd:YAG laser operating
at 532 nm and the emission is collected from the top using an objective lens
coupled to a CCD camera.
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4.3.2 Observation of transverse modes in a Chlamydomonas
Reinhardtii stabilized laser cavity
Figure 4.10: Optical pseudo-colored micrographs (red/orange indicates
lasing) captured by a CCD camera showing multiple transverse modes for a
freely moving Chlamydomonas Reinhardtii cell.
Transverse modes of the laser are recorded frame-by-frame, paving the way
for highly sensitive monitoring of the refractive index distribution, as well as
intra-cavity in-line holography, for an entire organism that continues to be of
pivotal importance in the study of ciliary disease. While the stability criterion
for a spherical object in the dual-compartment laser cavity gives an unstable
resonator for the dimensions chosen, the Chlamydomonas cells are not actu-
ally spherical. They are flattened, elliptical bodies that swim through water
in a complex manner. The cells swim, rotate, and tumble, depending on
their environment and the excitation wavelengths used. Fig. 4.10 shows four
false-colored optical micrographs for a single Chlamydomonas cell swimming
in the top layer of the dual-compartment cavity. The red/orange colored
regions denote laser light. A number of interesting features are present in
these images: first, it appears the lasing action is stabilized at the location
of Chlamydomonas cells. Second, circular fringes can be seen surrounding
single cells, likely from interference between scattered and emitted internally
generated laser light. This implies several exciting possibilities for the work
shown here: 1) a laser resonator stabilized by single motile cells. 2) A new
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intra-cavity in-line holography scheme for examining cell populations with
higher sensitivity and resolution owing to the feedback provided by the cav-
ity. We note the absorption and refractive index variations in the cell provide
differing regions of gain and loss and, therefore, the laser light does not fully
engulf the cell for every image captured.
4.4 Fabrication of close-packed microsphere-stabilized
laser arrays via convective assembly
The self-assembly of polystyrene microspheres onto the surface of a high-
reflector is a fast and effective method for obtaining microlaser arrays. How-
ever, for practical applications, the precise control over the distribution of
emitters will be required. In this section, we present the facile fabrication
of microlaser arrays by means of a convective assembly process. The proce-
dure consists of drawing the meniscus of a suspension of microspheres over
a PDMS substrate patterned with holes. The depth of each well is approx-
imately equal to the radius of a sphere, while the diameter is the same for
both.
The direct integration of microspheres within a colloidal quantum dot gain
medium effectively pixelates the bottom mirror of the critically stable cavity
so that lasing occurs only at the location of a sphere, removing the need for
bottom-up fabrication and lateral spatial confinement of individual emitters
to achieve single mode operation. Arbitrarily large arrays were constructed
by employing a convective assembly method, thereby circumventing compli-
cated fabrication schemes while maintaining design flexibility. Convective
assembly is widely used by materials scientist to form particle monolayers on
arbitrary substrates. However, to the best of our knowledge, we are the first
to use this technique for building active optical resonators.
The procedure consists of drawing the meniscus of a colloidal microsphere
suspension over a PDMS template by translating the substrate holding the
PDMS mold with a linear stage. After depositing the spheres into PDMS
wells, the spheres are allowed to dry. The microsphere/PDMS substrate is
then stamped onto an optically clear 50 µm adhesive which covers the surface
of a highly reflective mirror, as shown in Fig. 4.11.
Fig. 4.12a shows an in-plain view of the microspheres after adhering them
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to the bottom mirror of our plane-parallel cavity. The transferred pattern
was integrated into an optical cavity by placing a high reflector on top and
dispensing a colloidal quantum dot solution which served as the gain medium.
An optical micrograph of the microlasers operating in this configuration is
shown in Fig. 4.12b.
Figure 4.11: Directed assembly and characterization of microsphere
stabilized plane-parallel optical resonators. a) Polystyrene microspheres
were deposited onto a PDMS template by means of a convective assembly
process.
Figure 4.12: a) In-plain view of microspheres situated on an adhesive film
attached to a highly reflective mirror. b) Microsphere-stabilized laser array
patterned using convective assembly.
The production of microlasers from the directed assembly of a particle
monolayer is advantageous in terms of cost-effectiveness, ease of integra-
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tion, and scalability. Furthermore, this new form of optical resonator yields
tunable spectral properties that allow for single and multi-transverse mode
operation and is suitable for producing optical outputs having a controllable
phase relationship between each microlaser beam in the array.
4.4.1 Spatial coherence of microlaser arrays
After fabricating microsphere-stabilized arrays, we examined the far-field in-
tensity distribution for single and combined microlasers. A CCD camera
mounted at the focal plane of a lens that was placed at the image plane of
our microscope captured the Fourier Transform of either single or combined
microlaser beams. Fig. 4.13 shows the far-field intensity pattern for a sin-
gle sphere and is reminiscent of the Fraunhauffer diffraction pattern for a
circular aperture. In contrast, the far-field intensity pattern for the array
of microlasers (Fig. 4.14) exhibits a broad distribution without sharp lobes.
This structure is expected for our array since it is not phase-locked.
Figure 4.13: Far-field intensity distribution for a single microlaser (left) and
lineout extracted from the image (right) for clarity. The far-field pattern is
reminiscent of the Fraunhoffer diffraction pattern for a circular aperture.
The lack of a phase relationship between microlaser beams was confirmed
by overlapping shifted copies of the microlasers using a Michelson interfer-
ometer. As expected, the laser beams originating from individual spheres
interfere with themselves but not with each other. The lack of spatial coher-
ence between emitters make micro-refractive element stabilized laser arrays
well-suited for speckle-free imaging applications.
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Figure 4.14: Far-field intensity distribution for 172 microlaser array (left)
and a lineout extracted from the image (right). A lack of phase-locking
between emitters results in a broad intensity distribution lacking sharp
periodic lobes.
4.5 Microlens-stabilized solid-state microlasers for
speckle-free bioimaging
4.5.1 Motivation
The peculiar intensity distributions arising from coherent light scattered off
an optically rough surface are collectively known as “speckle”[59]. For an
intuitive explanation of the phenomena, consider a plane wave incident on a
surface that is rough on the scale of a wavelength. In accordance with the
Hyugens-Fresnel principle, the scattered light contains contributions from ev-
ery point on the surface. The relative delays, and therefore relative phases,
of each secondary wavelet emanating from the surface will vary randomly
on the scale of a wavelength. Constructive, as well as destructive, interfer-
ence between these secondary sources having different phases results in the
granular far-field intensity pattern known as speckle.
While speckle can be advantageous in certain contexts, it is often a hin-
drance to most imaging systems that use coherent light, including synthetic
aperture radar imaging, ultrasound imaging, and high-speed microscopy [60].
To circumvent this problem, coherent artifacts in the image can be reduced
by combining uncorrelated speckle patterns on an irradiance basis [59]. Light
sources having spatial, angular, temporal, or polarization diversity are ad-
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equate for producing uncorrelated speckle patterns. An obvious candidate
would be an incoherent light source such as an LED or tungsten lamp. Un-
fortunately, the low power per spatial mode of such optical sources precludes
their use in applications requiring high irradiance (i.e high-speed imaging
with sub-microsecond exposure times). Hence, myriad efforts have been de-
voted to reducing speckle in laser light sources and will be discussed in the
following section.
4.5.2 Suppression of speckle
Perhaps the most widely used method for reliably eliminating laser speckle
involves placing a rotating diffuser in the beam path. As the diffuser is ro-
tated, multiple uncorrelated speckle patterns are produced at a photodetector
having a slow integration time relative to the rotation speed of the diffuser.
Other methods involving MEMS mirrors and vibrating fibers are based on
a similar concept of introducing temporal and angular diversity [61]. Unfor-
tunately, these methods are limited to continuous wave (CW) laser sources
and, since they rely on moving parts, have low response times.
As a result, numerous speckle reduction efforts that try to limit the use
of moving parts are currently being pursued. Speckle reduction methods
include, but are not limited to: the use of colloidal solutions [62], MEMS
mirrors [63], controlling the spatial frequencies in a degenerate VECSEL
(Vertical External Cavity Surface Emitting Laser) cavity [64], random lasers
[65], and chaotic lasers [66]. Each method has its advantages and disadvan-
tages. While VECSELs are promising candidates for speckle reduction, the
use of a pin-hole at the Fourier plane and small chip-size limits the field of
view and power for full-field microscopy applications. Furthermore, random
lasers suffer from low directionality (and, consequently, poor collection effi-
ciencies) as well as high threshold pump energy requirements. These methods
are also limited in that they cannot reach pulsed nanosecond regimes.
There is one method which precedes the aforementioned speckle reducing
efforts for pulsed nanosecond laser photography, but has several limitations.
The authors of a study published in 1974 routed a high-powered laser through
a well-known CS2 non-linear medium to broaden its spectrum, followed by
guiding the beam through a fiber-optic in order to uniformly illuminate the
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target. Researchers continue to use this method - for example, a 2014 study
describes the implementation of this method for pulsed nanosecond imaging
of metal surfaces [67]. While this is an interesting system for reducing speckle,
it suffers from poor efficiencies (having to propagate light through a non-
linear medium followed by an unaligned fiber bundle) and is cumbersome to
implement. To date, there is no commercially available stand-alone solution
for suppressing speckle when imaging with pulsed nanosecond lasers.
Figure 4.15: Experimental arrangement for reducing the speckle of a
pulsed laser source using a non-linear medium and fiber-optic bundle [68].
The main idea of most speckle reducing schemes is to combine M uncorre-
lated sources to produce a 1/
√
M reduction in speckle contrast. Independent
speckle patterns can be generated by means of time, space, frequency, or po-
larization diversity [59, 60, 61, 69, 70]. However, in order to realize pulsed
nanosecond photography, there can essentially be no moving parts in the sys-
tem. Hence, the combination of M independent laser sources through space
via beam combining is an ideal way of reducing speckle. One example of
beam combination using CW sources is shown in Fig 4.16. Two independent
laser sources were combined to reduce the speckle contrast ratio. However,
since adding multiple off-the-shelf laser sources becomes impractical with in-
creasing number of sources, additional angular and temporal diversity was
implemented in the form of vibrating fiber bundles to further reduce the
speckle contrast [61].
While many stand-alone laser sources quickly becomes impractical for sub-
stantially reducing speckle, combining M uncorrelated laser sources in space
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Figure 4.16: Speckle reduction using a combination of temporal, angular,
and spatial diversity. The top panel shows how the authors of this study
combined two uncorrelated laser sources. To further reduce the speckle
contrast, authors used the experimental setup shown in the bottom panel
[61].
can be easily achieved using the micro-refractive optical resonator outlined
in the previous section. The device can be integrated with virtually any gain
medium, thereby allowing full access to the visible spectrum. Our microlasers
exhibit strong mode confinement, high directionality, and the size of the ar-
ray is highly scalable. Consequently, we introduce a method for significantly
improving the quality of pulsed laser imaging. By using a micro-refractive
element stabilized resonator, we leverage the ability to produce multiple un-
correlated sources from a single pump beam to reduce coherent artifacts while
imaging with a pulsed laser source.
4.5.3 Optical source based on microlens-stabilized laser arrays
In this section, we generate uncorrelated sources for speckle-free pulsed nanosec-
ond imaging by exchanging the liquid gain medium used previously for a well
characterized titanium doped sapphire crystal having a large (>50 nm) gain
bandwidth. Instead of microspheres, we incorporate a commercially available
microlens array for stabilizing the plane-parallel Ti:Sapphire optical cavity.
The system is optically pumped using a pulsed nanosecond Nd:YAG laser
(λ = 532 nm).
Fig. 4.17 shows plane-parallel optical resonator comprising two high re-
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Figure 4.17: Illustration of microlens-stabilized titanium doped sapphire
laser array.
flectors (R>99% at 700-1100 nm), a microlens array, and a titanium doped
sapphire crystal was assembled for generating an array of microlasers. The
intra-cavity elements were separated by brass spacers. Emission from the
cavity was long-pass filtered and subsequently captured by an objective lens
(4X Olympus) used in conjunction with a tube lens to image the microlens
array onto a CCD camera.
4.5.4 Illumination of an optically rough surface using
microlens-stabilized laser arrays
The output of the microlens array was directed, as shown in Fig. 4.18,
through a sample of Spirogyra algae fixed to a glass slide after passing
through a diffuser. Light was collected using a finite conjugate 10X ob-
jective (Nikon). For reference, we compare spatially coherent and incoherent
sources with our pulsed microlens-stabilized laser array. The spatially co-
herent sources are continuous wave in nature and the CCD camera (Sentech
Inc.) operates at a frame rate of 19 fps (frames per second). The Nd:YAG
produces ∼ 10 ns pulses at a 10 Hz repetition rate, and the duration of
Ti:sapphire laser pulses is approximately 18 ns. Hence, optical pumping of
the microlens-stabilized laser array results in the generation of nanosecond
pulses integrated over the 50 millisecond exposure time of the CCD camera.
When using a spatially incoherent source such as an LED, light passing
through the diffuser exposes the sample and no speckle is present in the
image. An optical micrograph of the Ti:Sapphire microlaser source is shown
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Figure 4.18: Experimental arrangement for illuminating an optically rough
surface. The sample was illuminated using a light source having either a
high or low degree of spatial coherence.
in Fig. 4.19a. Fig. 4.19b and Fig. 4.19c show the speckle obtained when
illuminating with five and two hundred beams, respectively. When exposing
the sample with spatially coherent light (Green HeNe laser, λ = 543 nm),
the formation of speckle is readily apparent from Fig. 4.19d. However, when
Ti:sapphire microbeams are routed through the same optical path, a speckle-
free image is obtained, as shown in Fig. 4.19e. As discussed earlier, this is
due to the combination of multiple uncorrelated sources.
4.5.5 Imaging through a scattering medium using a
microlens-stabilized laser array
Spatially incoherent sources are important when imaging an optically rough
surface and when trying to capture images through a scattering medium. To
test our optical source for imaging through scattering media, we implement
the experimental arrangement shown in Fig. 4.20, where a piece of lens pa-
per obstructs the optical path in front of the objective lens. Consequently,
illuminating with spatially incoherent light produces less artifacts in the im-
age. Fig. 4.21a shows the spirogyra sample being illuminated with an LED
source, and Fig. 4.21b shows the artifacts superimposed on the spirogyra
image when placing a piece of lens paper in front of the objective lens. While
the scattered light from the lens paper causes a hazy appearance, the image
becomes unrecognizable when imaging with spatially coherent light, as seen
from Fig. 4.22a. In contrast, Fig. 4.22b shows the image captured using
spatially incoherent microlaser array light, which results in a clearer image
of the Spirogyra specimen with recognizable features.
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Figure 4.19: Optical micrographs showing a) array of microlasers based on
a titanium doped sapphire gain medium, b) speckle formed when combining
5 beams out of the array, c) speckle formed when combining more than one
hundred beams, d) speckle observed when illuminating the sample with a
spatially coherent CW laser, and e) speckle observed when illuminating the
same sample with our spatially incoherent microlens-stabilized laser array.
Figure 4.20: Experimental arrangement for imaging through a scattering
medium. A piece of lens paper was placed in front of the objective lens that
captures light from the sample.
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Figure 4.21: Spatially incoherent illumination of a spirogyra specimen in
the absence (a) and presence (b) of a scattering medium (see Fig. 4.20)
obstructing the objective lens.
Figure 4.22: Images of spirogyra taken with laser sources having high and
low degrees of spatial coherence. a) Image taken with a spatially coherent
laser source. b) Image of the same sample taken with our pulsed microlaser
arrays.
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Chapter 5
CONCLUSIONS
5.1 Future experiments and potential applications
Future experiments are encouraged to develop laser-based biomedical diag-
nostics, improve biolaser performance, and investigate energy transfer result-
ing from nanoscale interactions within a laser cavity. For example, increasing
the interaction length and compartmentalizing the optical cavity for a bio-
laser opens the possibility for mode beating experiments between aqueous
solutions having slightly different refractive indexes. Furthermore, the role
of circularly polarized excitation in optimizing laser performance can be clar-
ified by comparison with randomly polarized light. Resonant energy transfer
between molecules should also be examined under circularly polarized pump
conditions. In addition, obtaining excitation spectra for FRET-mediated
laser systems, in combination with temporal and polarization waveforms, can
yield new insights into how energy is exchanged between donor and acceptor
molecules within a laser cavity.
Regarding micro-refractive element stabilized resonators, several experi-
ments can yield important insights into the underlying physics and potential
applications for this technology. Tunable emission spanning the visible can
be realized for these resonators by using a flow-through liquid gain medium,
thereby opening the possibility for full-field speckle-free illumination over the
visible spectrum. Further investigation into the spatial and temporal coher-
ence of these emitters can be accomplished by performing Young’s double-
slit and Michelson interferometry experiments on separate and combined
beams. In addition, actuating individual micro-refractive elements would
enable wave-front engineering in the far-field.
The realization of a speckle-free illumination source is particularly promis-
ing for high-speed bio-imaging applications, such as label-free microscopy of
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micro/nano particles for studying single-molecule physics and cellular dy-
namics at sub-microsecond timescales. For example, particle tracking meth-
ods incorporate external fluorescent or non-fluorescent agents into cells to
study how cells react to stimuli, such as viral infections or drug-loading
[71]. Fluorescent labeling allows for monitoring spontaneous emission at
sub-microsecond timescales but is limited by the toxicity of fluorophores and
photobleaching effects. Alternatively, non-fluorescent methods incorporat-
ing gold nanoparticles offer greater biocompatibility and stable emission due
to light-scattering, but signal-to-noise ratios have been limited by inefficient
sources of illumination [70]. Our speckle-free illumination method can po-
tentially transform particle tracking efforts by increasing temporal resolution
without sacrificing image quality.
5.2 Summary
The main theme of this dissertation has been to extend the capability of
diagnostic and imaging modalities through the development of bio-inspired
photonic tools. The detailed optical characterization of biological lasers, in-
troduced in the first half of this dissertation, represents a significant advance
in current practices found in the literature, and paves the way for laser-based
biomedical diagnostics. Additional contributions include the demonstration
of lasing from phycobiliproteins, derived from red algae, for the first time.
We demonstrated a 30% threshold energy reduction in biological lasers by
using a circularly polarized pump. Over 120 longitudinal modes were re-
solved for the mCherry red fluorescent protein laser, thereby providing more
than confirmation of stimulated emission, but previously unobtainable re-
fractive index information as well. In addition, FRET-mediated lasing was
achieved using biotin-streptavidin linkers to separate organic fluorophores
and gold nanoparticles by nanometer-scale distances. Temporal and polar-
ization characteristics of the emitted radiation for these lasers also provided
insight into FRET induced depolarization, which will be the subject of future
studies. Thus, in the first half of this work, the application of our experi-
mental methods to the investigation of natural, bio-engineered, and complex
biological laser systems culminated in the demonstration of new laser sources,
optimization strategies, and previously unobserved spectral, temporal, and
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polarization characteristics.
The fabrication, characterization, and application of novel optical res-
onators was presented in the second half of this dissertation. The operation
of these resonators is based on the stabilization of a plane-parallel resonator
using micro-refractive elements which can produce a multitude of uncorre-
lated sources from a single pump beam. These micro-refractive elements
act as lenses within the laser cavity and can be patterned through the self-
assembly or convective assembly of a particle monolayer. Furthermore, the
micro-refractive elements need not be inanimate; we proposed a scheme for
stabilizing a dual-compartment plane-parallel optical cavity using a single
cell organism as the lensing element. This method offers the prospect of
monitoring physiological changes in single live cells from the observation of
dynamic, refractive index dependent changes in the mode distribution of the
laser emission. In the final section of this dissertation, we introduced a new
optical source for speckle-free pulsed laser imaging based on a microlens-
stabilized solid-state laser array. Combining multiple uncorrelated sources,
generated from our Ti:sapphire multi-beam arrays, reduces the speckle con-
trast that would otherwise mar images obtained with pulsed laser illumina-
tion. In essence, this dissertation describes several new photonic tools that
offer improved laser-based detection and more efficient pumping schemes,
new biological laser sources, and speckle-free imaging with nanosecond tem-
poral resolution through the development of novel optical resonators.
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